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RESEARCE MEMORANIXIM

STUDY OF COMFRESSOR SYSTEMS FOR A GAS-GENERATOR ENGINE
By Bernard I. Sather and Max J. Tauschek

SMMARY

Various methods of providing compressor-capacity and pressure-
ratio control in the gas-generator type of compound engine over a
range of altitudes fram sea level to 50,000 feet are presented.

The analybical results indicated that the best method of con~

trol is that in which the first stage of compression ls carried
out in a variable~speed supercharger driven by & hydraulic slip
coupling. The second stage of campression could be either a rotary
constant~pressure~ratlo-type compressor or a plston-type compressor,
both driven at constant speed. The analysis also indicated that

- the variation of the value of the load coefflclient for the first
and second stages of the rotary constant-pressure~type compressor
cambination was within reasonsble limits and that the valve timing

- of the plston-type compressor could be kept constant for the range
of altitudes covered. With respect to engine performance, other
control schemes also appeared feasible., A variable-area turbine

’ nozzle was shown to be unnecessary for crulsing operation of the
engine, .

INTRODUCTION

An analysis of an aircrafit-propulslon system known as & plston-
type gas-generator engine ls presented in reference l. In this
power plant a two-stroke-cycle, compression-igniilon engine drives
a compressor, which in turn supplies alr to the engine. Ko other
shaft work is abstracted from the engine. The gases from the gen-
erator comprising the compressor-engine combinatlon are then uti-
lized in a turbine, which produces the net useful work of the cycle.
A diagrammatic sketch of thils power plant is shown In figure 1.

The analysis of reference 1 indicates that such an engine may

have low specific weight combined with low fuel consumption of the

- order of 0.32 pound per brake horsepower-hour, which has been con-
firmed, to a certaln extent, by the experimental resulis reported
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in reference 2. The reference analysis is ldemslized, however, in
that the problem of engine control was not considered. In order for
the performance of an actual engine to approach that of the ldeal
curves, at least three steps must be accomplished: (1) A compres-
sor that is capable of operating over a range of alr flows and
pressure ratios must be obtained; (2) similarly, a turbine that will
operate over the range of air flows and pressure ratlos must be
obtained; and (3) satisfactory means of maintaining proper englne
limits (peak cylinder pressure and turbine-inlet temperature) must
be evolved.

The first of the preceding steps, which pertalins %o the control
of compressor capacity and compression ratio, is treated herein. The
specific obJjective of this investigation, which was conducted at the
NACA Lewis laboratory, is to evaluate various combinations of com-
mressors and driving mechaniems with respect to engine performance
as a function of altitude. Because it 1s currently lmpossible to
make & complete evaluation with due consideration for such items as
compressor welght, development problems, and control stabllity, the
pregent analysis is besed on the degeneration of the power output
and the fuel economy of the gas-generator engine in question when
compared with the ideal engine. Some quallitative discusslion of com-
pressor weight, however, is included.

METHOD OF ANALYSIS

The various ccampressor-control systems that were lnvestlgated
ingluded the following combimations of elements:

(1; Constant-pressure-ratio campressor with throttled inlet
(2) Multistage constant-pressure-ratio campressor with first
stage (supercharging stage) driven by three-speed gear

(3) Multistage constant-pressure-ratio compressor with first stage
(supercharging stage) driven by hydraulic slip coupling

$4) Constent-volume single-stage compressor

5) Constant-volume compressor with throttled inlet

(6) Constant-volume compressor with means of verylng volumetric
capacity

(7) Supercharged constant-volume cowpressor comprising constant-

pressure-ratio first stage (supercharging stage) driven by

hydraulic slip coupling followed by final stage of campres-

slon in constent-volume compressor

In the preceding list, the terms "constent volume" and "constant
pressure” refer to compressors exhibiting these characteristics at
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constant speed or effectlve speed. Thus the centrifugel ccmpressor
or the mixed-flow campressor (reference 3) would most nearly rep-
resent the constant-pressure-ratlo group. The constant-volume cless
would Include any, of the posltlive~displacement campressors, such as
the plston~type compressor or Roots blower. The axisl-flow cam-
pressor would s&lso it Into thils cless if sultable means were svail-
able for broadening ita operating range so as to malntain high effi-
clency over a wide range of pressure ratlos and slr flows, Schematic
diagrams of the various systems sre shown in figure 2.

These possible camblnations were derived by setting up the
1deal requirements for the campressor for the gas-generstor engine
and then selectling the campressor systems most likely to fulfill
these demands., The ideal requirements for the commressor (fig. 3)
were computed from reference 1. IEngine speed was not included as
a control means because of the necessity for keeping the scavenge
ratio within reasonable limits (reference 1), Thus, (2) if means
were provided for keeping the scavenge ratio constant, such as a
varlable-area turbine nozzle, the reduction in engine speed neces-
sary to decrease the compressor-pressure ratlo to the required
value as altitude is decreased (fig. 3) would result in greatly
reduced alr welght flow and hence reduced engine power output; and
(b) if no means are provided for controlling scavenge ratio at
will, as ln the case of the fixed-area turbine nozzle, reduciion
in englne speed would result in increasing the scavenge ratio and
hence burner mixbture ratlo beyond the usable range.

All the camblinations were investigated with the analysis of
reference 1l used as & basis. The changes required in the analysis
as & result of the use of a speclfic cocupressor are given in the
appendixes, All the combimations were analyzed with a fixed-area
turbine nozzle and, in addition, systems 2 to 6 were also treated
with a variable-area nozzle.

In analyzing the various combinations, the design conditvilons
of the compressors were set to provide sufficient capeaclity and
pressure ratio for engine operation at an altitude of 20,000 feet,
At thls altitude, the engine was assumed to operate with design
operating limits of peak cylinder pressure of 1600 pounds per
square inch, turbine-inlet temperature of 1800° F, and scavenge
ratio of 1.0, For calculations of operation at higher sltitudes,
the turbine-inlet temperature and the compressor speed were held
constent and the peak c¢ylinder pressure was allowed to decrsase,
At lower altltudes, the generator~inlet pressure was so varied as
to malnteln both engine llimlits, unless the characteristics of the
compressor system precliuded thls possibillity, 1n which case the
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cylinder pressure was allowed to vary. When turbine-nozzle area
was fixed, it was impossible to hold the scavenge ratio to a con-
stant value of 1.0 at altitudes other than the design altitude
because under choked conditions the area of the turbine nozzle
determines the gas flow through the engine; however, the value of
scavenge ratlo dld not vary greetly from 1.0 over the range of alti-
tudes considered. When the area of the turbine nozzle was made
variable, the scavenge ratio was kept constant at a value of 1.0.
The scavenge ratlo of the ldeal gas-generator engine weas 1.0 for
all altitudes.

Systems 2, 3, and 7, which utilige a rotary supercharging
compressor, were so arranged that the supercharger operated at
rated speed at an altitude of 20,000 feet and 1dled at sea level.
In the system Ilnvolving the three-speed gear combination, the
supercharger was assumed to 1idle at a pressure ratio of 1 8t albti-
tudes below 10,000 feet and to operete in the low-speed gear ratio
at altitudes between 10,000 and 20,000 feet. Above 20,000 feet,
the supercharger operated in high speed.

The over-all efficlency of any combinastion of compressors was
made equal to 0.85 at an altitude of 20,000 feet. Although this
rractice resulted in rather high stage efficiencles, it was neces-
sary that the data agree with that of reference 1 at this basic
condition, The lack of accurate data on the efficlencies of
constant-volume compressors, as, for example, that of the axlal-
flow compressor at off-design conditions or the piston-type com-
pressor at high piston speeds, precluded comparison of the
constant-pressure and constant-volume compressors on an efficiency
basis. The most rellable NACA data on efficiency of piston~type
compressors, however, indicate values in the range from 0,85 to
0.95, which is entirely compatible with the general assumption,

No changes in efficlency with changes in the apecific flow for the
constant-pressure compressors were considered; insteed, the pres-
sure ratios of these compreassors were limited to values that would
rermit a moderate operating range. Thils limitetion was necessary
in order to avoid considerations of compressor deslgn, which are
beyond the scope of this report.

RESULTS AND DISCUSSION

Because of the inherent differences in compressor character-
istics, the results of the analyses of constent-pressure-ratio
compressors and constant-volume campressors are discussed separately.
The effects of fixing the turbine-nozzle area and of designing for
high altitudes are also consildered,

8L0Y
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Constant-Pressure-Ratio Compressor

Effect of throttling. - The effect of throttling the compressor
inlet as a control means is shown 1n figure 4, which shows that
throttling provides a means of maintaining the engine limite (peak
burner pressure and bturbine-inlet temperature) in the altitude
range up to 20,000 feet, but that the engine ls penzmlized by large
reductions in brake output. Thils penalty is & natural result of
the high compressor power load in the gas-generator type of engine.
Consequently, although throttling ls conslidered to be appllcable
%o the gas-generator engine with the constant-preassure-ratio com-
pressor, 1t is undesirable from a standpoint of low-altltude power
output.

Effect of three- med. supercharging-compregsor drive. -~ An
inspection of figure 5 indicates that the performance of & gas-
generator engine with a three-speed supercharging compressor 1is
subJect to large power losses at altitudes Just below those at which
the gear changes take place, This fact, coupled wlth the difficulty
of provlding & change’'gear and & clutch capable of handling the
required powers, indicetes that thls system is undesirable for gas-
generator application.

Effect of hydraulic-slip-coupling supercharging-compressor

drive, - The performance of the gas-generator engine when equipped

with a multistage constant-pressure-ratio compressor comprising a
supercharging compressor driven by a hydraulic slip coupling and
followed by & constent-gpeed final compresslon stage is presented
in figure 6, It will be noted that only & emall loss in power
between sea level and 20,000 feet occurs when the coupling is used.
The efficiency of the coupling is & linear function of the slip;
1t is equal to zero at 1l0O0-percent slip and approaches 100 percent
as the glip approaches zero. DBecause the compressor torque varies
with the square of the speed, 1t can be shown that the coupling
power loss is a maximum at SO-percent slip, and 1s egual to one=-
fourth of the full-load campressor powsr I1f the alr flow remains
constant. Furthermore, the compressor driven by the coupling
comprises a fraction of the total compressor in the gas-generator
engine, The small coupling-power loss relative to the total con-
pressor load indicates a loglcal reason for the small infiuence

of the coupling on the over-all performance of the gas-generator
englne,
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Constant-Volume Compressor

In the case of the constant-volume compressor, the piston-type
campressor, in particular, has numerous inherent unique advantages
for gas-generator-engine applications, some of which may be listed
as follows:

(a) Provides a compact, light machine for operation at the low
alr flows and high pressure ratios required by the gas-generator
engine.

(b) Possesses a broader operating range (high efficiency over
wide range of pressure ratios and air flows) than equivalent rotary-
campressor types. '

(c) Permits a higher compressor efficiency to be obtailned at
high pressure raitlos.

() Delivers a positive supply of alr under all operating con-
ditions, including starting and 1dling. .

*

Adventage (a) deserves some elaboration. The same piston-type
compressor is capable of operating over an extremely wide range of
pressure ratlos, for example, from 2 up to values of 20 or 25, At
the same time, the weight is fixed by structural stiffness require-
ments, so that little If any change in weight accompanies a change
in pressure ratlo. In the equivalent constant-pressure-ratioc cam-
Dressor, an increase in pressure ratio can be cbtalned only by
staging with a oonsequent increase in weight. Thus, as the reéquired
pressure ratio is increased, the plston-type compressor becomes
lighter relative to the constant-pressure compressor.

Also, because of the staging regulred to obtain high pressure
ratios, the efficlency of each stage of the constant-pressure com-
pressor must be extremely high in order thet the over-all efficiency
of the constant-pressure-compressor combination may approach the
efficlency easily attainable with the constant-volume pilston-type
campressor (on the order of 0.85). The fact that such efficienciles
may not be obtainable with the constant-pressure compressor increases
the deslrability of using the plston-type compressor.

The prime adventage of the constant-pressure compressor is,
of course, its extremely high volume-flow capacity, leading to & low
specific weight. At low volumetric flow rates, however, this advan-
tage disappears to a certain extent because of the difficulty of
desligning these compressors with small flow passages and clearances
and wilth high rotational speeds.

L]

8L0T
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Consequently, the ideal clrcumstances for the use of the
. plston-type compressor are low volume-flow rates and high pressurse
ratios. These circumstances are present 1n the gas-generator engine,
particularly in the final stages of compression.

The size of the plston-type campressor need not be excessive,
The ratio of campressor volume to burner volume lis 10.35 for the
case of the gas-generator engine with the unsupercharged pliston-
type compressor and the fixed-area turbine nozzle at 20,000 feet.
If the compressor 1is supercharged for all altlitudes other than sea
level, thls ratlo becomes 6,01, If supercharging ils used also for
gea-level operatlion, however, the compressor-volume — burner-volume
ratio may be made to approach unity. Inlet ram due to flight speed
further reduces the requlred volume ratlo, Furthermore, fitiing
the reguired compressor volume into the gas-generator englne and
furnishing the necessary reciprocating motion is not a great design
problem. In certaln englne configuratlions, such as the axial engine,
the reciprocatling motion is readily avellable and & compact, amall-
frontel-area engine may be easlly attained. Further dscrease in
size of the plston-type compressor may be obtained by making the
compressor double-acting.

One disadvantage may be ascribed to the plston-type compres-
sor in that comnsiderable work wlll be requlred to develop 1t into e
. practical high-speed machine; however, this same disadvantage
- applies to robtary campressors required to operate at very high
pressure ratios and efficlencies.

From these practlcel considerations, the plston-type compres-
sor seemed an attractlive cholce for a constant-volume-type com-
pressor for use with the plston-type gas-generator engine, although
the results would be applicable to other forms of constant-volume
compressors. For these reasons, the piston-type compressor was
included in the analysis.

Effect of fixed-dlsplacement constant-volume compressor. -

Figure 7 shows the performance of a gas generator using a Tixed-
displacement plston-type compressor (that is, one egquipped with
automatic compressor valves), as compared with the performance of
the ideal gas-generator engine., With thls type of compressor,
rate of air flow through the englne ls substantially dependent upon
only compressor speed. Conseguently, wlth a fixed reatriction in
the turbine, turbine~inlet pressure must lnocrease until the flow
through the turbine matches that through the compressor. The

- resultant high manifold pressures and compressor loads cause the
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burner pressure to increase above the limiting value at altitudes
below the 20,000-foot oritical altitude; therefore, the system is
not ueable.

BEffect of throttled fixed-displacement constant-volume com-
pressor, - Throttling the exhaust from the fixed-dlsplacement
platon-~-type campressor wilill only make the situation regarding
burner pressure worse inasmuch as such a change will increase the
compresgor load without appreciably affecting the manifold pres-
sure. Throttling the inlet to this compréssor, however, permits
the alr flow and consequently the manifold pressure to be reduced
to a polnt at which limiting values of burmer pressure are attained
at altitudes below the critical altitude. Actually, the compressor
load 1s higher than that of the l1deal engine, so the maenifold pres-
sure must be lower than that of the ideal engine, causing a reduc-
tion in performance. Figure 8 shows the performance of such a
throttled engine., The large loss in brake output and the increase
in fuel consumption between 20,000 feet and sea level makes this
system unattractlve for gas-generator use.

Effect of variasble-displacement constant-volume compressor. -
The performance of a gas-generator engine equipped with a variable-
displacement compressor, that is, a piston-type compressor equipped
wilth mechanically actuated velves that permit wvariesble timing with
this device, is illustrated in figure S. On the bagis of engine
porformance, this system is quite satisfactory. The piston com-
pressor, however, must handle air at amblent atmospheric conditions.
Under this circumstance of high volumetric air flow, the piston
compressor may become relatively heavy as compared with equivalent
rotary types. This fact, in addition to the valve complication,
makes this scheme undesireble for gas-gensrator use.

Effect of supercharged fixed-displacement constant-volume
compregsor. - The use of a variable-speed supercharger driven by a

hydraulic slip coupling with a fixed-displacement piston-type
campressor affords a means of adjusting air flow through the engine
and utilizing all the plston-type-compressor displacement at all
altitudes. The performance of such a combination 1s presented in
flgure 10. The curves of this figure indicete that this scheme is
the most promising of those incorporating a piston-type compressor.
It 1s Interesting to note that, when a supercharging compressor is
used, the time at which the reciprocating-compressor velves open
end close is substantially constant with changes in altitude

(fig. 11), so that mechanical valves with fixed timing can be sub-
stituted for the automatic valves without incurring a penalty in
engine performance.
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Comparison of Plston-Type and
Rotary Compreasors

The two most successful methods of satlasfying the compressor
requirements in the gas-generator engine appear to be the use of
a variable-speed supercharglng compressor followed by elther a
constant-volume plston~type or a constant-pressure stage for com-
yression of the air to burner-inlet pressure. Unfortunately, the
lack of data concerning the piston-type~compressor welghte and
efficiencies precludes & definite evaluation of the two compressor
types. Figure 12 shows the performance of the two gas-generator
engines as calculated by the methods of this report. Below the
critical altitude, the performence of the combination with the
piston~-type constant-volume compressor is slightly superior %o
that obtalned with the constant-pressure corbination. The slight
difference in performance between the two systems is caused by
the fact that the pressure ratlo across the constant-pressure com-
pressors i & function of the inlet temperature, whereas that for
the reciprocating compressor is constant.

The variations of values of load coefficient @Q/un for the
first stage (supercharger) and second stege as a function of alti-
tude for the multistage rotary constant-pressure compressor with

- flrst stage driven by & hydraulic slip coupling 1s shown in fig-
ure 13. Although the wvalues of Q,/n vary widely for the super-
charger below an altlitude of 10,000 feet, the tip speed of this
compressor is qulte low, which may keep 1t out of a surging con-
dition. The variation of Q/n for the second stage 4s within
present acceptable limits. The performance of the supercharger
when used with the plston-type compressor is su'bstantia.lly the
same ag that shown in figure 13.

Effect of Varlable-Ares Turbine Nozzle

Examinatlion of the data camparing the fixed-area nozzle with
the variable-area nozzle (fige. 14 to 18) indicates that only =
slight reduction in performasnce is incwrred through the use of the
Pixed-area nozzle. Génerally, a small drop in power occurs at
altitudes below the 20,000~foot critical altitude, which is caused
by & change 1n scavenge ratlo Incurred through lack of adeguate
alr-flow control. In genersl, the power loas is small in com=-
parison with the problems incurred 1n the successful development
of such a device; therefore, the varlable-area turbine nozzle will
not be further consldered In this report.
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Effect of Designing for High Altltudes

The performance curve for the gas-generstor engine equipped
with & variable-speed supercharger driven by a hydraulic coupling
(fig. 6) indicates that some loases are incurred in going from sea
level to the design altitude. Because these losses increase in
magnlitude as the deslgn altitude 1s ralsed, 1t is of inberest to
examine the case in which the engine is deslgned for a very high
altitude., In figure 18, the performence of the gas generator with
the varlable-speed supercharging compressor is shown when the
optinum altitude is 40,000 feet., It 1s noted that in this case,
the loss in brake output at moderate altitudes (0 to 20,000 £+)
is more sexrlous than for the case of the engine designed for
20,000-foot optimum altitude. More brake output, however, is
aveilable for climbing to an altitude of 40,000 feet and above,
and thls engine should therefore be more satisfactory in applica-
tions where a high-altitude engine is warranted.

SUMMARY OF RESULTS
The results of the analysis presented herein for various
methods of providing compressor-capacity and pressure-ratio control
for the gas-gensrator engine operating over s range of altitudes

wlth constant peak cylinder pressure and constant turbine-inlet
temperature may be sumerized as follows:

l. The best method of compressor control appeared to be that
in which the ¥Tirst stage of compression consisted of a variable-
speed supercharger that was driven by a hydraulic sliy coupling.
The second stage of compression could be either a rotary constant-
rressure-ratio-type compressor or & plston-type compressor, both
driven at constant speed. The variation of load coefficilent Q,/n
for the first and second stages of compression when a constant-
preasure-ratio final-compression stage was used remained within
reagonable limites over the altitude range considered. With =&
constant~volume compressor for finsl compression, the valve timing
of the piston-type campressor could be held constant over the alti-
tude range considered.

2, Other control methods, which appeared feasible with regard
to engine performence, are the use of a constant-volume, plston-
type campressor with variable valve timing or a constant-pressure
compressor, the first stage of which 1s driven by a three-speed
gear,
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3. Throttling generally produced large power losses at other
than the design altitude in the gas-generator engine.

4, Por cruising operation of the engine, the complication of a
varisble-area turbine nozzle was not warranted.

8L0T

Levwis Flight Propulsion Iaboratory,
National Advisory Cammittee'for Aeronautiocs,
Cleveland, Chio.
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APPENDIX A

SYMBOLS
The followlng symbols are used in this report:
percenteage clearénce In plston-type compressoxr

gpecific heat at constant pressure of compressor alr,
0.243 Btu/(1b)(°R)

speciflic heat at constent pressure of turbine gases,
0.270 Btu/(1b)(°R)

acceleration due to gravity, 32.2 £t/ sec?

lower heat of combustion of fuel, 18,500 Btu/lb fuel
mechanical eguivalent of heat, £t-1b/Btu

engine speed, cycles/sec

total pressure, 1b/sqg in. absolute

burner exhaust pressure, 1b/sq in. absolute
burner-inlet menifold pressure; 1'b/sq in. absolute
static pressure, 1b/sq in. absolute

ambient alr pressure, 1b/sq in.

burner compressicn pressure, 1b/sg in. absolute
loed coefficient, cu fi/revoluticn

pressure coefficient of compressor

expansion ratio of fluid in burner

over-all mixture ratio, 1b fuel/lb air

mixture ratio in burner, 1b fuel/lb air

pressure ratlio in piston~-type compressor

1078
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Fps1

H
ml-EI ml_:l =

i

3

<

pressure ratio in first stege of compression, rotary
compressor

pressure ratio In second stage of compressiom,
rotary compressor

over-gll pressure ratlio across compressors

scavenge ratio (ratio of wvolume of air flowing through
burmer per cycle measured at burner-iniet conditions
to volume of burmer)

tenperature, °R

ambient alr temperature, OR

burner campressicn temperaturs, °R

meen turbine-inlet temperature, °R

burner-inlet temperature, °R

temperature in burner at end of scavenging, °R

volume, cu It

total volume of burner above ports, cu It

tobal volume of reciprocating compressor, cu ft

work of compressor, Btu/1lb air

work of turbine, Btu/lb air

retlio of specific heats of turbine gases

adisbatic over-all efflclency of robary compressor

burner brake thermel efficiency (actual)

adlabatic efficlency of piston-type compressor

adisbatic efficlency of rotary compressor, first stage

adisbatic efficlency of rotary compressor, second stage

over-all adiabatlic efficiency of compressor unit
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reduction-gear efflciency, 0.95

scavenging efficlency (ratic of volume of air remalning
in burner at end of scavenging process, measured at
inlet conditions, to volume of burmer)

efficlency of slip coupling

adiabatic turbine efficlency, total to static, 0.85

density, 1b/cu £t

" 1078 *
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APPENDIX B

ANATYSTIS OF CYCLE

In general, the analyslis of the cycle is similsr to that of
reference l. A condemsetion of that anslysis is glven here for
convenience. Because reference 1 la an 1dealized snalysls, certain
varistions must be made when considering the gas-generator engine
with regerd to control. These speciflc detaills will be presented
in the succeeding eppendixes.

The following method of emalysis was used to estimate the
ldeallized performence of the gas-generator engine.

Compresgor_calculationse - The over=-all performance of the
compressor unit on the basis of work dome per poumd of ailr handled

is
Wy = oy o (TyT) (1)
-. where
T 0.283
. ']Zm = T]cao (BP:O - ) + T& (BZ)

Scavenge efficlency and scavenge ratlo. - The scavenge ratilo
of the plston-type burner l1s given by the egquation

Ry = 0.0910 A{(1-Po/R ) T (B5)

and the scavenge efficiency by the equation
-R
Mg=1l-e 8

The temperature of the gases in the cylinder at the end of the
scavenge process is

T
Ty = (B4)
1-{1 - Tm_ e~Bs ~
2000
- It is assumed that the Inlet and exhaust manifolds are suf-

ficlently large so that total and sbatic pressures are approximately
equal.
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Burner efflciencys. -~ The brake thermal efi‘icietncy of the
piston~type burner is

1 n
My = 0925 -(-) (B5)
Re
where
= 0.3867 - —-8e5___ . 0043 (B6)
6.65 _ 55 Re

Bm,b

The relation between the work of the compressor and the burmer
output is glven by the equation

Wo = MRoho (7)

Because no simple relation between N, end R, exists, a
trisl-and~-error method of esolution is necessary.

The burner efficiency was flrst approximated by the equation

5 \0-32
My, = 0.925 - (—) (B8)
R, :

(The use of the prime on the symbols indicates an epproximation.)
With thils value, the over-all fuel-air ratio was estimated by
W

Nyt h (39)

R’ =

This value of over-all mixture ratio was modified to represent
approximately the mixture ratio existing in the cylinder by use of
the equation

Rn,b" = RT? SRm (820)

With this value of Ry 3', the burner-efficiency calculatlons were

repeated and the con'ected mixture ratlos were found from equa-
tions (B7) and (B10).
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Maximm burner pressure. - Curves of the ratio of ideal peak
. burner pressure to compression pressure as a function of mixture
ratio and with compression temperature as a ;para.me'ber were pre-
pared. by use of the fuel-ailr cycles and methods of reference 4
for the rich mixbtures and by use of air cycles for very lean
mixtures. These pressure ratios were modified by the factor

F = - 3.75 Ry p + 1.0 (311)
- to bring the ideal ratios Into accardance wlth engine data.

Compression pressure and temperature were computed from the

equations
1.35
P =Py Re : (B12)
«35
T, = T, Ry (B13)

Turbine-inlet temperature. - A heat balance apolied to the
- gas-generator engine showed that, wilth the assumptlon of a heat
lose equivalent to 18 percent of the fuel-heat input, the turbine-
inlet temperature was glven by the squation

. _ (1-0.18) hgBy + op,gla (1+Fm) (B14)
8" °p,8 (1+Bm)
Turbine power. - The cubput of the turbine in Btu per pound
of air is
21
D 7
2,
Wy = Ny Cp,g Tg (14Bm) |1 - (-P:) (B15)
where
Y = 1.34
and
Cp,g = 0027

Unit performance calculations. - The output of the gas-
generator engine on the basis of Btu per cycle per cubic inch of
burner volume 1s
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T]rths 144 Pm

Brake output = —3=3g ss.3m, (B16)
end the brake specific fuel consumption 1s
2545
bafc = S (B17)

Wy
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APPENDIX C

8LOT
[ ]

PISTON-TYPE COMPRESSOR

The pressure rabtlo across the plston-type compressor uniquely
determines the scavenge ratlo of the pilston-type burner, as may
be shown by the following compressor-cycle enalysis, which uses
as & basgis the idealized pressure-volume indicebtor disgram of =&
plston~type compressor:

4 3

Pressure

1 2

Volume
Inasmich as the temperature rise across the compressor ls

based on the adlebatic efficlency, for the ratio of specific
heats of 1.395

Tz 1 0.283
- — = l g — ( b - 1) Cl
T = R, (c1)

If the percentege of clearance C 18 defined as

s
V2 = V4

C=

wheré Vo = V4 is the compressor displacement, then

Yo _ _C
Wy T I+T

The weight of air delivered by the compressor per cycle 1s

(V3 - “'4) Pz

and the scavenge ratlo Rs is
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V3 = V4 V3 ~ V4
Vb P3 °s b

RS=

when 1t is assumed that both the burmer and compressor operate at
the same number of cycles per unit time. Because

PeVg N7y
Ty, T
and
Pa¥s  Pp¥p
Tz T
then
Py Ty v,
et e o n
and
_ o (%3 _¢
V3 = V4 = V2 Ry T "T+C
po that
_V_z_.(;_“_-‘;_ c)
8 % F T T+C
and.

Yo /1 _l_(o.zes‘ ) c
Ry = 7 Rp[lfncl‘p -1 -1T%% (c2)

The value of C in this anelysis is 0.03. The volume ratio
vc/vb 1s determined from the limiting conditions of engine oper-

etion at an eltitude of 20,000 feet and a scavenge ratio of 1.0.
For an unsupercharged compressor, the velue of thils retio is 10.35.

1078



Security Classification of This Report Has Been Cancelled

BLOT

HACA RM No. E9A28 21

Variable-displacement compressor. - The displacement of the
piston~type compressor may be effectively veried by controlling
the valve timing by means of some mechanical arrangement., It is
possible to decrease the displacement by: (1) closing the inlet
valve early, (2) closing the inlet valve late, or (3) closing
the exhaust valve late. Method (3) is the one considered in this
anslysis, and If X 1is the percentage of the piston stroke that
the piston has returned when the exhaust valve i1s closed late,
the scavenge ratio will then be

R R my e

Q
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. APPERDIX D

HYDRAULIC SIIP COUPLING

The hydraulic slip coupling is perhaps the simplest and most
practical means of obtelning changes in the speed of the first-
stage compressor. In addition, the hydraullc coupling provides
some phock and vibration isolatlion. Reference 4 ligts some of
the design features of current slip couplings.

The size of the coupling needed to transmit the power to the
first-stage compressor need not be excessive because the torque
and the horsepower of the fluld coupling veries as the fifth power
of the dlameter and only a relatively small change in dlameter
wlll be necessary to cover a large range in transmitted power.
Current fluld couplings can therefore be used in the gas-generator
engine with only & small variation in the size of the coupling
uwnit.

The type of hydraulic coupling comsldexred in this analysis
is the scoop-control hydraulic coupling. Varlations In speed of
the secondary are made possible by means of an adjusbahle-sccop
tube, extending from the impeller section to a rotating reservoir.
01l pesses from the working circult through the nozzles provided
in the immer casing and collects in the rotating reservolr from
which it 1is returned to the coupling circult. The scoop tube
is mounted off center, so that in its fully extended position 1t
handles all the oll in the rotating reservoir, but when brought
to a fully retracted position, all the o0il drains intc the
reservolr and the coupling is fully disconneoted. Varying the
scoop position from a fully extended to a fully retracted position
varies the speed of the secondary unit from maximum to zero
values,

In the type of fluid coupling considered, in which there
is no torque-reaction member, the torque Input equals the torque
output, and the efficiency 18 equal to the ratic of secondary
to primexy speed, so that

-]

bpout 8 _
hp in Np s, 1 (P1)

where
Np primexry speed, rps
Ny secondary speed, rps

1078
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APPENDIX E

ROTARY COMFRESSCR

The rotary compressor in this snalysis 1s considered to be
elther & centrifugal or & mixed-flow compressor. Ita performence
characteristics ere assumed to follow the same laws as those
under which & centrifugal compressor operates.

The tempersture rise acrose each stage 1s therefore

z, /2, 0.283
AT = —— 5 -1 (B1)
Teg [\ T2

where 17,5 1s the stage efficiency end Pp/P; 1s the pressure
ratio across the stage. The work required in Btu per pound of
alir is

- Wo = Cp,a AT (B2)
When speed changes end thelr effects on the performance of the

-~ compressor are comsidered, it is convenient to use the forms
involving the pressure coefficient

p_\0.283
-1

2
Qg =98 Cp,a Ty (:'PI

Vi@

(E3)

where Vg is the tip speed in feet per second. Because
0.283
Jd o T P. -
Wy = —R22 = (]-_;3) -1 (£4)
Ned 1 :
then

9aa Vr°

i
W~ = —— ES
C T ngg € (E5)
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and
P Q.3 Vi
-2 =[1 + —ed T ) (E6)
Pl Jg Gp,a Tl .

Rotary compressor with slip coupling. - If the value K
represents the speed retio of the slip coupling

R

=]
K =f = s (E7)

then the work put into the primery side of the slip coupling is
Wo = 25 La 2 (z8)

and if

VT = NED
where D 4is the diameter of the compressor

Wc"adgns

go that
R
Wo ,S_u;_ﬁn
Nag & B

and inssmch as

ZNS=K1‘T..p

Yo = Tag 8
For a glven compressor Np and D are constants and eare
gelected after determination of the operating range required.
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The pressure ratio is given by the equation

3.535
fﬁ - G + e Dznpz Kz)

E10)
Py Jg Cp,a T (

When in this analyeis a two-stege compressor is uged with the first
stege driven at & varieble speed, the value of necessary to

obtain & desired over-all pressure retio across the compressors
may be found by the followlng procedure:

Rp,l _ <1 e __9__)3.535

Ty

where the constant A +takes into account the diameter of the

first-stage compressor, the speed of the primary member of the
coupling, the pressure coefficlient, and chp. Then,

T

1 0.283

Py = —— (R -1 4

2 M, ( Pyl nc:l)

where Tz is the temperature of the alr leaving the first stage,
end

)3 535

B
%ﬂ=@+@

where B is a constent that takes into account the diameter of the
gsecond -stage compressor, its speed, the pressure coefficient, and

chp. Now
T1 0.283
=K (Rp,l -1

e
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so that 283
O.
X2 = T.Ai <13m.°__3_ - 1)
1+ T—z'
0.283
K2 - X s -2 y
. A 1 B : nczl

+ ———
Ty (Rp,lo.zss R ﬂc,l)

and
0.283
T .
B = -Al Bp,0 -1 (E11)
1+ 2 Ne,2
T A
1 \g? g * Me,1
1
This equation mey be trensposed into a quadratic equation in K2
from which K2 mey easily be found. -

Compressors in series. - When two compressors are comnected In
series, tﬁ over-all efficlency is different from the stege effi-
ciencies. Becsuse comparison of the performance in this analysis
18 to be made with that of reference 1, it 1is necessary to know the
relation between stage and over-all efficlency in order that the
over-ell compressor efficlency in this analysie at an altltude of
20,000 feet mey equal the compressor efficiency at 20,000 feet
glven in reference 1.

The over-ell adiabatio efficiency is given by the equation

Rp 0.285 - l
e,0 =T T—5.283 L 0.283 0.283
R . -l . -1+ 1 . -1
. qc,l ( Pyl )+ 110’2 ["o,l (RP:J- ) :] (R'P:z )

(E12)

where

RP:J- RP:Z = RP:O (E13)
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APPENRDIX F

TURBINE NOZZILE

@ ~
§ The mass flow through & convergent nozzle with criticel flow
is
144 / 2
P_X 7=1
A |7 2
W = g -2 &\ () (1)
+1 \7+1
T, ¢§'M7 7.
where

weight flow, lb/sec
area, sq £t

W
A
R  ges constant, £t-1b/(1b)(°R)
1f

7 = 1.34
i and
R = 53.35
then
Pe
W= 75,35 A —— , (¥2)
g

This mass flow must be equal to the sum of the ailr fiow through
the burner and the fuel flow. Thus

so that

A
(1 + BR,) where 6 'Zva
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but .
Tenq o (X (D
Py T,/ \0.0910
so that if
- o
Tg = 2260° R
(1 + Ry)
6 = (F3)
0.5862 (iﬁ - 120.8 RE)
and
1 | f0.4990 (1 + Rp)? 0.7065 (1 + Ry)

For fixed turbine-nozzle-area operation, the value of turbine-
nozzle areg is fixed at that required for operation at an galtitude of
20,000 feet at a scavenge ratio of 1.0, a peak burner pressure of
1600 pounds per square inch absolute, and a turbine-inlet pressure
of 2260° R. This value of turbine-nozzle area © was 0.001686 square
foot per cubic foot of burner volume per cycle per second.

When a flixed-turbine-nozzle area 1s used in conJunction with

. the reciprocating compressor, it is necegsary that the operating
condltions, for whioch the scavenge ratlo determined by the reclp-
rocating compressor equals the scavenge ratio determined by the
turbine nozzle, be obtained by means of & grarhical sclutlion.
Other graphical solutions are, of course, necessary even if the
turbine-nozzle area 1s not flxed as there 1s no convenient exprsssion
relating burner-inlet preesure, burner-expansion ratio, and mixture
ratio to the limiting conditions of pesk burner pressure and turbine-
inlet temperature.
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Flgure 2. Schematic disgrems of systems used in analysis,
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Figure 3. - Compressor requlrements of 1deal gss-generatcr engine,

Scavenge ratio, 1.0.
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